INTRODUCTION
The earth is dynamic in nature as it undergoes geological and dynamic processes which, broadly speaking, alters the shape or, specifically, the terrain of the earth. These processes include earthquakes, landslides, volcanic eruptions, ice sheet melting, etc., of which may cause significant damages to society. Studying these processes leads to better understanding their behaviour; hence, employing appropriate mitigation and adaptation measures.
In Malaysia, the major natural processes that affects its landscapes are flooding, landslides and earthquakes. However, the study on plate tectonics and earthquakes in Malaysia is minimal as the effects are still within the safe zone when compared to the other processes, and countries such as Nepal and Indonesia. Yet, an instance whereby an earthquake had a devastating effect in Malaysia was the 9.2 Mw 2004 SumatraAndaman mega earthquake which resulted in long-term postseismic deformation within the Sunda plate (Paul et. al., 2012) . The implication of earthquakes are not solely in terms of socioeconomics, but affects the sciences as well such as surveying and mapping.
With recent developments in technology, studying plate tectonics and earthquakes have become much simpler and straightforward, especially with the advent of Global Navigation Satellite System (GNSS) and presence of a dense geodetic network of Continuously Operating Reference Stations (CORS); comprising daily GNSS data that span many years. By generating a time series of GNSS solutions for each CORS, plate tectonic motion can be analysed with regard to its seismic activity. Therefore, this paper seeks to investigate the tectonic motion of Malaysia via employment of the Malaysia Real-time Kinematic GNSS Network (MyRTKnet) and Malaysian Active GPS Station (MASS) with GNSS data spanning from 2001 to 2013. A time series of daily solutions and velocity vectors map is plotted to study the tectonic motion of Malaysia. Overall, the study aims to contribute to the understanding of tectonic motion of Malaysia, which may benefit other scientific fields, such as geoscience as well as risk management.
REVIEW ON SEISMICITY IN MALAYSIA
Tectonic plates are in continuous steady motion; however, when an earthquake occurs, this steady motion is interrupted due to the seismicity of the earthquake. Seismicity, or seismic activity, refers to the frequency, magnitude and distribution of earthquakes in a given area. For each seismic event, i.e., earthquake, it undergoes a cycle, called either a seismic or earthquake cycle. The deformations during an earthquake cycle are (Hetland and Hager, 2006) : (1) pre-seismic, i.e., tectonic motion before an earthquake occurs, (2) co-seismic, i.e., tectonic motion, or instantaneous displacement, during an earthquake at the time of fault rupture, (3) post-seismic, i.e., tectonic motion that lasts weeks to decades following a fault rupture, and (4) inter-seismic, i.e., the relatively steady tectonic motion that occurs after the post-seismic deformation has decayed. Thence, the earthquake cycle contributes to the understanding of tectonic motion for a given area.
Malaysia is located on the Sunda tectonic block, encompassing a large part of Southeast Asia (Simons et. al, 2007) . In the past, Malaysia was considered to be on a relatively stable continent, where it was far from catastrophic events caused by plate tectonics such as earthquakes and volcanic eruptions. However, when the 9.2 Mw Sumatra-Andaman mega earthquake occurred on December 26, 2004, this fact has changed. During the Sumatra-Andaman earthquake, the nearest sites from the epicentre showed very large co-seismic displacements: 27 cm in Phuket, Thailand, 17 cm in Langkawi, Malaysia, and 15 cm in Sampali, Indonesia (Vigny et. al., 2005) . Moreover, after the 2004 Sumatran-Andaman, the post-seismic relaxation processes has been continuing for years in Andaman (Paul et. al., 2012 
METHODOLOGY FOR TIME SERIES ANALYSIS OF MYRTKNET DAILY SOLUTIONS
Several steps were implemented for the purpose of investigation into the tectonic motion of Malaysia. The first step was to process selected MyRTKnet stations and IGS stations via Bernese 5.0 (Dach et. al., 2007) ; hence, producing coordinate results in a single reference frame, i.e., ITRF2008. The second step was to plot a time series for the selected MyRTKnet stations to study the tectonic motion trend. The last step involved mapping the MyRTKnet station velocity vectors, which is estimated using linear least squares regression analysis from the time series of daily solutions; this step serves as the primary results for the investigation into the tectonic motion of Malaysia. GPS Interactive Time Series Analysis software (GITSA) (Goudarzi et. al., 2013) was employed to plot the time series and perform linear least squares regression analysis, while Generic Mapping Tools (GMT) (Wessel and Smith, 1998) was used to map the velocity vectors. 
High-precision GPS processing for MyRTKnet

Time-series analysis and velocity estimation of MyRTKnet
After the daily solutions were estimated, a time series of daily solutions for the selected MyRTKnet stations were plotted using GITSA, a software developed by Goudarzi et. al. (2013) for time series analysis using MATLAB. With GITSA, daily SINEX solutions were converted to Cartesian coordinates and stored in GTS format files for each station. The Cartesian coordinates were then converted to local (North, East, Up) coordinates, replacing the Cartesian coordinates in the GTS files. Note that the Up component is the ellipsoidal height.
Once each station's time series was plotted, the outliers were removed as it may affect the linear regression line later for estimating the velocity vectors. This was executed automatically via GITSA through outlier detection and removal. All outliers were removed at 99% confidence level. The linear least squares regression analysis was executed within GITSA as well. The standard deviation for each time series is displayed to represent the stability of the positions; of which small and infrequent fluctuations will result in a small standard deviation value. Time series with jumps, e.g. co-seismic motion, apparent annual and semi-annual effects, and steep slopes, e.g., due to subsidence or active motion, will have a large standard deviation value.
The determination of velocity vectors from linear least squares regression must fulfil two criteria: (1) minimum of 4 years solution in order to reduce annual and semi-annual effects in geodetic time series, of which will cause biased estimated velocities (Blewitt and Lavallée, 2001) , and (2) time series with long data gaps, i.e., few months, are not chosen to estimate the velocity vectors.
RESULTS AND DISCUSSION
There are four parts in this section to depict and understand the tectonic motion of Malaysia: (1) the plate tectonic motion before the 2004 Sumatra-Andaman mega earthquake, (2) the plate tectonic motion after the 2004 Sumatra-Andaman mega earthquake, (3) the current long-term plate tectonic motion of Malaysia which is unaffected by episodic events, i.e., coseismic bias, and lastly (4) the co-seismic motion of each earthquakes that have affected Malaysia. Note that for the time series analysis, only a few stations will be chosen to depict the seismicity of Malaysia. With reference to figure 3, the time series shows no co-seismic displacements between years 2001 and 2004 indicating no significant earthquakes had occurred. However, the time series is heavily affected by annual and semi-annual effects; nonetheless, with solutions spanning 4 years, these effects are considerably reduced for estimating the velocity vectors (Blewitt and Lavallée, 2001 figure 5 ). Table 4 . Velocity and direction differences between 2001-2004 and 2008-2011 periods Analysing the tectonic motion before and after the 2004 Sumatra-Andaman mega earthquake, it is clearly observed the direction as well as the rates have changed prominently (see table 4 ). Before the earthquake, Peninsular Malaysia was undergoing steady tectonic motion, whereby both north and east component were almost similar in terms of rates; however, after the earthquake, the east component was affected the most as it has a much higher rate compared to the north component. Based on table 3, the major effect of the 2004 mega earthquake would be on the velocity gradient along Peninsular Malaysia, where the east component rates increases from north towards south region of Peninsular Malaysia. The difference between the rates of the north-west and south region are about 1cm/yr; nonetheless, in our opinion, this should not cause any horrendous effects since the direction of tectonic motion are relatively similar, except for the north-west region of Peninsular Malaysia with ~20 degrees difference than the other regions. This may be due to the fact that this region was the most affected by the 2004 mega earthquake, especially on the east component. Hence, overall, it can be deduced that the long-term post-seismic effect from the 2004 mega earthquake is still dominant.
As for East Malaysia, before the earthquake, the north component had a higher rate compared to the east component; however, after the earthquake, it was the opposite, whereby the east component has a higher rate than the north component. The possible reason for the abrupt change in velocity rates is due to the long-term post-seismic effect; even though East Malaysia was hardly affected, in terms of co-seismic deformation, the impact comprises the entire Sunda plate, whereby it seems East Malaysia -and to a degree, South Peninsular Malaysia -has the largest long-term effect in Malaysia. Nevertheless, the velocity gradient after the earthquake for East Malaysia is unnoticeable, e.g. almost uniform, unlike Peninsular Malaysia.
Due to the effect of the long-term post-seismic deformation, it is difficult to distinguish between inter-seismic and post-seismic deformations; hence, the authors prefer to adopt the definition by Hetland and Hager (2006) who defined inter-seismic deformation as any deformation during the earthquake cycle that excludes the co-seismic deformation, and includes postseismic deformation. Therefore, the inter-seismic period between 2008 and 2011 is the most stable presently, and is suitable to be adopted as the current long-term tectonic motion of Malaysia. The effects from the recent 2012 Northern Sumatra earthquake is not studied in this paper due to the limitation of data; hence, the term 'current' is suitable since at least 4 years of inter-seismic data is needed to appropriately study the longterm tectonic motion.
Episodic deformation, i.e., co-seismic displacement due to earthquakes, does not represent long-term tectonic motion, as it only causes instantaneous motions. However, permanent dislocation, i.e., offset, may occur causing a shift in station positions. figure 5 , whereby the tectonic motion has a similar trend before and after the co-seismic events, i.e., the motion returns to a steady state. However, as for the 2012 Northern Sumatra earthquake, this is still an assumption as the data limitation inhibits further study on its effects to the longterm tectonic motion of Malaysia.
To summarise, Malaysia undergoes both co-seismic and postseismic deformation; however, the co-seismic deformations due to the earthquakes after the 2004 Sumatra-Andaman earthquake seem to have a less significant effect in terms of its spatial and temporal extent as depicted in figure 5 and 
CONCLUSION
The objective of this paper has been achieved, whereby the tectonic motion of Malaysia has been investigated. Based on the results, it is evident that Malaysia is undergoing long-term interseismic deformation due to the 2004 Sumatra-Andaman earthquake. Changes in direction and rate for tectonic motion, before and after the earthquake are a definite result from this. Therefore, the current long-term tectonic motion of Malaysia is affected by post-seismic deformation; resulting in uncertainty in terms of the length or period for the long-term post-seismic deformation and whether the deformation direction and rate will finally return to the stable period, i. In terms of survey and mapping, the present geodetic datum of Malaysia, GDM2000, will need to be revised as positions have evidently been shifted due to tectonic motion; since GDM2000 is based ITRF2000 at epoch 1 January 2000. Additionally, with respect to the relatively high deformation rate of East Malaysia and position offsets due to co-seismic motion, the period and method of revision for GDM2000 has to be reviewed. Many countries have utilised datum transformation and semi-dynamic datum approaches to overcome the need for frequent revisions, yet able to obtain positions in the present epoch.
This paper has analysed the tectonic motion of Malaysia mainly through the perspective of geodesy, i.e., velocity vectors. Thus, a call for collaboration with other scientific fields, e.g., geophysics, geology, etc., is vital in order to enhance research regarding the tectonic motion of Malaysia, such as to include seismology, earthquake mechanisms, strain rate analysis, etc., and to answer some questions regarding the variant velocity rates even only within a local area.
It is recommended that further studies are conducted to continuously monitor the tectonic motion of Malaysia even after 2013 in order to answer these uncertainties. As a side note, with regard to the recent Ranau, Sabah earthquake, other local faults may be reactivated in future, especially as Malaysia is affected by active seismic activity from the nearby inter-plate earthquakes. Moreover, it is proven from the results that it is unnecessary for an earthquake, especially mega earthquakes, to be close by for a region to be affected.
